Objectives: We assessed the effect of milrinone application timing after reperfusion against myocardial stunning as compared with levosimendan in swine. Furthermore, we examined the role of p38 mitogen-activated protein kinase (p38 MAPK) in the milrinone-induced cardioprotection.
Introduction
Myocardial stunning is defined as reversible post-ischemic left ventricular (LV) dysfunction following a brief ischemic episode that does not result in necrosis [1] . In clinical situations, myocardial stunning occurs after percutaneous transluminal coronary angioplasty (PTCA) or cardiac surgery [2, 3] .
Milrinone, a phosphodiesterase III (PDE III) inhibitor, leads to sequential elevation of intracellular cyclic adenosine monophosphate (cAMP) and cAMP-dependent protein kinase (PKA) activation and exerts positive inotropic and vasodilatory effects. Milrinone has been clinically used for the treatment of acute heart failure or low-output syndrome caused by myocardial dysfunction after cardiopulmonary bypass [4, 5] . It has been shown that milrinone has both preconditioning (PreC) and postconditioning (PostC) properties against myocardial infarction [6, 7] .
Milrinone also protects against myocardial stunning when administered before ischemia and just after reperfusion [8] . However, the underlying mechanisms involved in the milrinone-induced cardioprotective effect against myocardial stunning have not been fully clarified.
The clinical efficacy of levosimendan in patients with heart failure resulting from ischemic heart disease, dilated cardiomyopathy, and acute myocardial infarction has been well documented [9, 10] . Levosimendan produces PreC and PostC against myocardial infarction via activation of adenosine triphosphate (ATP)-sensitive potassium (K ATP ) channels [11] . It is also reported that levosimendan administered 10 min after PTCA improves contractile function in stunned myocardium [12] . In contrast, Brendt et al. [13] reported that levosimendan exerted an anti-stunning effect when started before ischemia, but not when started after ischemia in isolated guinea pig hearts.
PostC is more likely than PreC to be feasible as a clinical application, and may be useful in unpredictable myocardial ischemia-reperfusion injury. The majority of the injury responsible for myocardial stunning and infarction develops during the early phase of reperfusion [1] . Our previous study also reported that fasudil administered just after reperfusion but not 30 min after reperfusion protects the stunned myocardium [14] . Therefore, a pharmacological cardioprotective effect depends on the application timing after reperfusion.
p38 mitogen-activated protein kinase (p38 MAPK) has been shown to play an important role in the cascade of not only PreC [15] but also PostC [16] [17] [18] . Lemoine et al. [17] showed that desflurane, a halogenated anesthetic, administered during reoxygenation activates p38 MAPK, and enhances the recovery of developed force in Shibata 6 human atrial myocardium. Sanada et al. [6] also showed that milrinone administered before ischemia reduce myocardial infarct size via cAMP-, PKA-, and p38
MAPK-dependent mechanisms.
The aims of this study were to clarify whether the administration timings of milrinone and levosimendan during reperfusion have critical influences on this compound-induced cardioprotection against myocardial stunning in anesthetized open-chest swine, and whether p38 MAPK is involved in the protective effect of milrinone. 
Materials and methods

All
Surgical procedure
Seventy-six swine of either sex weighing 19-34 kg were sedated with 20 mg/kg intramuscular ketamine hydrochloride. Surgical preparation was performed as described previously [8, 14, and 19] . Briefly, swine were anesthetized with 100 mg/kg intravenous α-chloralose and 10 µg/kg fentanyl, followed by continuous infusion of 10 mg/kg/h α-chloralose and 5 µg/kg/h fentanyl throughout the study period. Through a midline cervical incision, the trachea was intubated for connection to a Harvard respiratory pump (Harvard Apparatus Co., South Natick, MA, USA). Pressure transducer-tipped catheters (PC500; Millar Instruments, Houston, TX, USA)
were connected to the LV chamber cannula through an incision in the apex and right internal carotid artery cannula for continuous recording of left ventricular pressure (LVP) and arterial blood pressure, respectively. The peak rate of increase in LVP (LVdp/dt max) was determined by electric differentiation of the LV pressure waveform.
Two ultrasonic segment length transducers were implanted 10-15 mm apart in the subendocardium of the perfused area of the extracorporeal circuit and aligned such that the intercrystal axis was parallel to the direction of myocardial fiber shortening. The regional contractile function was assessed by percent segment shortening (%SS).
Segment length was monitored by ultrasonic amplifiers (VF-1; Crystal Biotech, Hopkinton, MA, USA). The end-systolic segment length (ESL) was determined to be 10 ms before maximum negative LVdp/dt, and the end-diastolic segment length (EDL) was determined to be 10 ms before the LVdP/dt max first exceeded 140 mmHg/s (immediately before the onset of LV isovolemic contraction). %SS was calculated using the following formula: %SS = (EDL -ESL) × 100 × 1/EDL. All hemodynamic data were continuously monitored on a polygraph and digitized through a computer interfaced with an analog-to-digital converter (HEM; Physio-Tech, Tokyo, Japan). Figure 1 shows the experimental time course. Baseline systemic and coronary hemodynamics and %SS were recorded 30 min after instrumentation was completed.
Experimental protocols
Seventy-six swine were randomly assigned to one of seven groups. If the pig was excluded before completion of the experiment, the next one was assigned to the same group. Each swine was subjected to 12-min ischemia with complete occlusion of the extracorporeal circuit followed by 90-min reperfusion. In large mammals, dogs, and pigs, myocardial stunning can be induced by a single completely reversible episode of regional ischemia lasting less than 20 min. We carried out preliminary study to determine the ischemic period. We aimed at about 50% recovery from baseline after 90-min reperfusion. Group A (n = 12) received intravenous infusion of saline after ischemia until the end of the reperfusion period. Group B (n = 11) received intravenous milrinone starting just after reperfusion at a rate of 5 μg/kg/min for 10 min followed by 0.5 μg/kg/min for 10 min. Group C (n=12) received intravenous milrinone starting 20 min after reperfusion at a rate of 5 μg/kg/min for 10 min followed by 0.5 μg/kg/min until the end of reperfusion. Group D (n=9) received intracoronary SB203580 starting just after reperfusion at a rate of 1.2 μg/kg/min for 20 min. Group E (n=11) received a combination of intravenous milrinone at a rate of 5 μg/kg/min for 10 min followed by 0.5 μg/kg/min for 10 min and intracoronary SB203580 at a rate of 1.2 μg/kg/min for 20 min starting just after reperfusion. Group F (n = 10) received intravenous levosimendan starting just after reperfusion at a rate of 1.2 µg/kg/min for 10 min followed by 0.2 µg/kg/min for 10 min. Group G (n = 11) received intravenous levosimendan starting 20 min after reperfusion at a rate of 1.2 µg/kg/min for 10 min followed by 0.2 µg/kg/min until the end of reperfusion. The administration rates of intravenous milrinone and levosimendan were set on the basis of the clinical doses [5, 10] and our previous study [8] . The administration rate of intracoronary SB203580
was set on the basis of a previous study [6] and our preliminary study. All swine received 2 mg/kg intravenous lidocaine at 1 min before reperfusion.
When five or more premature ventricular contractions per minute or multifocal premature ventricular contractions were observed after reperfusion, 1 mg/kg intravenous lidocaine was administered and repeatedly given if necessary. Swine with continuous VF or ventricular tachycardia (VT) after reperfusion were excluded from the study.
The incidence of VF or VT and the total amount of lidocaine used for 10 min after reperfusion were compared among groups.
Statistics
All data are expressed as mean ± SD. One-way analysis of variance Shibata 12 (ANOVA) for non-repeated measures followed by the Student-Newman-Keuls (SNK) post hoc test was used to test for differences in baseline hemodynamics, %SS, and total dose of lidocaine administered after reperfusion among groups. Data within groups were analyzed with one-way ANOVA for repeated measures, and data between groups were analyzed with two-way repeated measures ANOVA followed by the SNK post hoc test. The incidence of VF or VT was analyzed by the χ 2 test. P values < 0.05 were considered statistically significant. Statistical analysis was performed using SPSS 15.0 software (SPSS Japan, Tokyo, Japan) or GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).
Results
There were no significant differences in weight or sex among the groups.
Arterial blood gas values and blood glucose were maintained within physiological ranges in all swine throughout the study period (data not shown). Table 1 summarizes the assessment of reperfusion-induced arrhythmias. Four swine in each of groups A and E, three swine in each of groups B, C, D, and G, and two swine in group F had continuous VF or VT after reperfusion and were excluded from further analysis. The incidence of VF or VT and the total amount of lidocaine used
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were not significantly different among groups. Table 2 shows the systemic and coronary hemodynamics throughout the time course of the study. There were no significant differences in any measured systemic or coronary hemodynamics at baseline among groups. There were no significant differences among groups at any measured point in terms of heart rate. Mean arterial pressure and LV systolic pressure in group F at R 60 and R 90 , and LV end-diastolic pressure in group F at R 0 , were significantly increased from the baseline values.
Hemodynamics
LVdp/dt max was significantly decreased in group F at R 0 . CBF increased significantly at R 5 compared with that at baseline in all groups and returned thereafter, and there were no significant differences between groups at any measured point.
Regional myocardial contractility
There were no significant differences in baseline values of %SS among groups (Table 2 in group B (60 ± 7%, 72 ± 5%, and 79 ± 5% of baseline, respectively) were significantly higher than those in group A (38 ± 7%, 41± 7%, and 44 ± 11% of baseline, respectively).
The values of %SS at R 60 and R 90 in group G (63 ± 13% and 63 ± 15% of baseline)
were significantly higher than those in group A. However, there were no significant differences in the values of %SS in groups C, D, E, and F compared with those in group A at any measured point.
Discussion
The present results show that milrinone administered starting just after reperfusion, but not starting 20 min after reperfusion, improves myocardial stunning in anesthetized open-chest swine. The p38 MAPK inhibitor, SB203580, alone did not alter the extent of myocardial stunning, but it abolished the beneficial effect of milrinone administered just after reperfusion. In contrast, levosimendan administered intravenously starting just after reperfusion for 20 min did not improve myocardial stunning, whereas continuous infusion for 70 min starting 20 min after reperfusion could improve regional myocardial contractility.
Effects of milrinone
An important aspect of the pathophysiology of stunned myocardium is that the contraction can be restored when exposed to inotropic stimuli [20] . Therefore, milrinone administered after reperfusion might produce both inotropic and cardioprotective effects. However, in the present results, it is unlikely that milrinone administered just after reperfusion for 20 min in group B could have improved myocardial contractility through its direct inotropic action because it was reported that there is a positive correlation between the plasma concentration of milrinone and its inotropic effect, and that the plasma concentration of milrinone is undetectable 60 min after the administration of 60 μg/kg over 6 min [21] . Furthermore, the present results also show that milrinone administered starting 20 min after reperfusion until the end of reperfusion in group C could not have improved myocardial contractility, in spite of a probably higher plasma concentration than in group B. Thus, the beneficial effects of milrinone administered just after reperfusion would be exerted through its PostC effect against myocardial stunning, but not through its positive inotropic effect.
In the present results, milrinone administered just after reperfusion, but not 20 min after reperfusion, protects myocardial stunning, suggesting that treatment with milrinone should be applied just after reperfusion to protect myocardial stunning. Our previous study showed that a Rho kinase inhibitor, fasudil, administered just after reperfusion but not 30 min after reperfusion protects the stunned myocardium [14] . It is likely that a pharmacological cardioprotective effect would depend on the application timing after reperfusion.
Role of p38 MAPK
Several studies have suggested the involvement of p38 MAPK in the cascade of cellular events triggered during ischemia-reperfusion, and also following PreC [15] Shibata 17 and PostC [16] [17] [18] . Lemoine et al. [17] showed that desflurane administered during the first 5 min of reoxygenation activates p38 MAPK and enhances the recovery of developed force in human atrial myocardium. They also showed that SB202190, a specific p38 MAPK inhibitor, abolished the enhanced recovery of contractile force resulting from desflurane-induced PostC. Liu et al. [16] showed that hypoxic PostC attenuated ischemia/reperfusion-induced endoplasmic reticulum stress and apoptosis via p38 MAPK activation. We carried out preliminary study to clarify the role of p38
MAPK in the cardioprotective effect of milrinone administered before ischemia against myocardial stunning. Milrinone, administered intravenously at a rate of 5 μg/kg/min for 10 min followed by 0.5 μg/kg/min for 10 min until 30 min before ischemia, enhanced the functional recovery from myocardial stunning. Cotreatment with SB203580, administered by continuous intracoronary infusion at a rate of 1.2 μg/kg/min for 20 min until 30 min before ischemia, prevented this protective effect. Furthermore, our present results show that SB203580 abolished the beneficial effect of milrinone administered just after reperfusion, suggesting that milrinone administered before ischemia or just after reperfusion would exert the cardioprotective effect against myocardial stunning through activation of p38 MAPK.
Effects of levosimendan
Sonntag et al. [12] reported that 24 μg/kg levosimendan administered intravenously 10 min after PTCA improves contractile function in stunned myocardium.
In the present results, levosimendan administered intravenously starting 20 min after reperfusion (group G), but not starting just after reperfusion (group F), improved regional myocardial contractility at 60 and 90 min after reperfusion. Levosimendan is known to cause dose-dependent improvements in systemic and pulmonary hemodynamics and reduction in clinical symptoms in patients with heart failure [22] .
The elimination half-life of levosimendan is 1.3 hours in patients who receive 0.2 μg/kg/min continuous infusion for 24 hours [23] . It is likely that the plasma concentration of levosimendan in group F would be insufficient to improve regional myocardial contractility at 60 and 90 min after reperfusion because these time points are 40 and 70 min after discontinuation of levosimendan. Brendt et al. [13] reported that an anti-stunning effect was seen when levosimendan was started before ischemia, but not when administered for 10 min just after ischemia in isolated guinea pig hearts.
They suggested that levosimendan administered after reperfusion could not produce cardioprotective effects against myocardial stunning. In the present results, the improvement of contractile function induced by levosimendan administered after reperfusion would be dependent on its positive inotropic effect, but not on the protective effect against myocardial stunning.
Conclusion
Both milrinone and levosimendan administrated after reperfusion improve contractile function in stunned myocardium. The effect of milrinone would be mediated by the activation of p38MAPK, excreted when milrinone is applied just after reperfusion. In contrast, the effect of levosimendan would be dependent on its positive inotropic effect, but not on the protective effect against myocardial stunning. Values are mean ± SD. Values are Mean ± SD. N = 8 in group A, B, C, E, F, and G. N = 6 in group D. Values are expressed as mean ± SD. #; p < 0.05 vs. group A. ○: group A (n=8), ▲: group B (n=8), ▼: group C (n=8), △ : group D (n=6), and ▽ : group E (n=8). 
